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Edited by Felix WielandAbstract The key step of N-glycosylation of proteins in the
endoplasmic reticulum is catalyzed by the hetero-oligomeric pro-
tein complex oligosaccharyltransferase (OST). It transfers the
lipid-linked core-oligosaccharide to selected Asn-X-Ser/Thr-
sequences of nascent polypeptide chains. Biochemical and genetic
approaches have revealed that OST from Saccharomyces cerevi-
siae consists of nine subunits: Wbp1p, Swp1p, Stt3p, Ost1p,
Ost2p, Ost4p, Ost5p, Ostp3 and Ost6p. By blue native poly-
acrylamide electrophoresis we show that yeast OST consists of
two isoforms with distinct functions diﬀering only in the presence
of the two related Ost3 and Ost6p proteins. The OST6-complex
was found to be important for cell wall integrity and temperature
stress. Ost3p and Ost6p are not essential for OST activity, and
can in part displace each other in the complex when overexpres-
sed, suggesting a dynamic regulation of the complex formation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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N-glycosylation of eukaryotic secretory and membrane-
bound proteins in the lumen of the endoplasmic reticulum is
an essential and evolutionary highly conserved protein modiﬁ-
cation [1]. The key step of this pathway is the transfer of the
dolicholphosphate-linked core oligosaccharide to selected
Asn-X-Ser/Thr sequences of the nascent polypeptide chain.
The enzyme that catalyzes this process is a multimeric mem-
brane-complex, called oligosaccharyltransferase (OST) (for re-
view see [2–5]). Puriﬁcation of OST from yeast [6–9] and
genetic methods [10–13] have identiﬁed nine proteins that are
required for full OST activity in vivo. Five of them, Wbp1p,
Swp1p, Stt3p, Ost1p and Ost2p, are essential for viability of
the cell, whereas Ost4p, Ost5p, Ostp3 and Ost6p are not essen-
tial, but are required for maximal OST activity. The speciﬁc
function of the various subunits and the organization in the
complex is largely enigmatic. We previously cloned and identi-
ﬁed Ost3p and Ost6p and demonstrated that they are constit-
uents of the complex [14]. In this study, we show that OST
from yeast consists of two isoforms with distinct functions.
One complex contains Ost3p but not Ost6p, whereas the other
one is comprised by Ost6p but not Ost3p, together with each of
the respective other identiﬁed subunits.*Corresponding author.
E-mail address: ludwig.lehle@biologie.uni-regensburg.de (L. Lehle).
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2.1. Yeast strains and genetic methods
SS330 (MATa ade2-101 ura3-52 his3D200 tyr1), SS328 (MATa ade2-
101 ura3-52 his3D200 lys2-801), YG191 (MATa ade2-101 ura3-52
his3D200 Dost3::HIS3), RKY325 (MATa ade2-101 ura3-52 his3D200
tyr1 Dost6::URA3), SKY325 (MATa ade2-101 ura3-52 his3D200 tyr1
Dost6::URA3 ura3), RKY327 (MATa ade2-101 ura3-52 his3D200
Dost3::HIS3 D ost6), RKY346 (MATa ade2-101 ura3-52 his3D200
Dost3::HIS3 YEp352-OST6), SKY325/OST6 (MATa ade2-101 ura3-
52 his3D200 tyr1 Dost6 YEp352- OST6), YG191/OST3 (MATa ade2-
101 ura3-52 his3D200 Dost3::HIS3 YEp352-OST3), RKY348/OST6
(MATa ade2-101 ura3-52 his3D200 Dost3::HIS3 Dost6 YEp352-
OST6), RKY327/OST3 (MATa ade2-101 ura3-52 his3D200
Dost3::HIS3 Dost6 YEp352-OST3). Strains SS330 and SS328 are iso-
genic wild-types. Cells were grown in standard yeast media [15].
2.2. Blue native and denaturing polyacrylamide gel electrophoresis
Blue native (BN)–PAGE was carried out according to Scha¨gger
et al. [16,17]. Microsomal membranes (12 mg protein/ml), prepared
as described in [6,14], were solubilized in 15 mM Tris–HCl (pH 7.5),
containing 1% Nikkol and 500 mM 6-aminocaproic acid according
to Knauer and Lehle [14]. Unsolubilized material was removed by cen-
trifugation for 40 min at 128000 · g. After addition of 1/20 vol sample
buﬀer (5% Serva blue G, 500 mM 6-amino-caproic acid) the superna-
tant was analyzed on a 6–13% polyacrylamide gradient gel with a 4%
stacking gel in 50 mM Bistris–HCl (pH 7.0), 500 mM 6-aminocaproic
acid. Marker proteins were BSA (monomeric and dimeric form) 66 and
132 kDa, respectively; b-amylase, 230 kDa; apo-ferritin, 443 kDa.
Denaturing SDS polyacrylamide gel electrophoresis was carried out
according to Laemmli [18]. For Western blotting, proteins were trans-
ferred to nitrocellulose or Immobilon (in case of BN–PAGE) mem-
branes using the semi-dry blotting technique [19]. Immunodetection
was performed according to standard procedures and was visualized
by the ECL method (Amersham Biosciences) and quantiﬁed by scan-
ning of the ECL images using a BioRad MultiImager with the Bio-
Rad Multi-Analyst/PC Version 1.1 software. Polyclonal antisera
against Wbp1p were raised in rabbits using synthetic peptides corre-
sponding to the 16 C-terminal amino acids coupled to BSA with
glutaraldehyde as described [6]. The polyclonal anti-Ost3p and anti-
Ost6p antisera were raised against amino acids 26–350 and amino
acids 25–192, respectively, fused to the maltose binding protein from
Escherichia coli. The fusion protein was isolated by amylose aﬃnity
chromatography and used for immunization of rabbits.3. Results and discussion
3.1. Blue native polyacrylamide electrophoresis discloses two
distinct OST-complexes containing either Ost3p or Ost6p
We have found earlier that Ost3p (39.4 kDa) and Ost6p
(37.8 kDa) share about 20% sequence identity with each other
and, more strikingly, display a very similar hydropathy proﬁle.
Disruption of OST3 or OST6 caused only a minor defect in
N-glycosylation, but a Dost3Dost6 double knock out led to a
synthetic phenotype causing a severe underglycosylation ofblished by Elsevier B.V. All rights reserved.
Fig. 2. Blue native electrophoresis of solubilized OST complex from
wild-type cells (lane 1), Dost3 (lane 2), Dost6 (lane 3) and Dost3Dost6
cells (lane 4). Analysis was performed as in Fig. 1.
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gested that these proteins are functional homologues having a
similar or redundant function. By the method of blue native
gel electrophoresis, a powerful tool for the analysis of native
membrane bound complexes [17], we demonstrated that both
Ost3p and Ost6p are constituents of the OST complex together
with the other seven subunits identiﬁed [14]. In experiments,
presented here, we extend these earlier ﬁndings and show that
Ost3p and Ost6p are part of two isoforms of OST. A ﬁrst hint
came from experiments analyzing OST from the double knock
out Dost3Dost6 strain by blue native electrophoresis followed
by Western blotting. As shown in Fig. 1, Ost1p, representative
for other OST subunits, no longer migrated with the 255 kDa
complex, as it occurred in the wild-type, but as a band at
217 kDa (Fig. 1, lane 7). The decrease in size of only about
38 kDa was unexpected and corresponded to the loss of only
the Ost3p or Ost6p subunit, in contrast to what one would
have expected from the genetic point of view. The slighlty dif-
fuse migration behavior may reﬂect some instability of the
incomplete complex. Overexpression of either Ost3p or Ost6p
(Fig. 1, lanes 10 and 11) in Dost3Dost6 restored the 255 kDa
complex. One possible explanation for this ﬁnding turned
out to be true: OST in the wild-type consists of two isoforms
which were not resolved, because of the similar molecular mass
of Ost3p and Ost6p. One form, designated in the following
asOST3-complex, containsOst3p, and a second one, designated
OST6-complex, contains Ost6p, each together with the other
OST subunits. This is further substantiated by data presented
in Fig. 2. In this experiment, OST from diﬀerent strains with
deletions in OST3 and OST6 were investigated and besides
Ost1p, also Stt3p, Wbp1p as well as Ost3p and Ost6p were
probed with the corresponding antibodies. In membranes from
wild-type all proteins were detected in the 255 kDa complex
(Fig. 2, lane 1). But when membranes from the Dost3Dost6
double disruptant were analyzed (Fig. 2, lane 4) Stt3p, Ost1p
and Wbp1p localized to the 217 kDa complex. OST from
Dost6 cells (Fig. 4, lane 3), containing Ost3p, but lacking
Ost6p, and thus containing exclusively the OST3-complex mi-Fig. 1. Blue native electrophoresis of solubilized OST complex from memb
OST3 and OST6, respectively, from the multicopy plasmid YEp352. Solubiliz
of protein (260 lg) were loaded in each lane. Proteins were transferred to I
various subunits as indicated and visualized by ECL detection.grated as a single band of 255 kDa as is the case in the wild-
type. In contrast to this and somewhat surprising at present,
OST from Dost3 gave rise to two bands, when probed for
Stt3, Ost1p and Stt3p (Fig. 2, lane 2): an upper band of
255 kDa and a faster migrating, lower band of 217 kDa. Since
only the upper band reacted with anti-Ost6p antibody, this
must represent the OST6-complex. This argues pronouncedly
against the possibility that wild-type OST contains both Ost3pranes of wild-type, Dost3Dost6, and Dost3Dost6 cells, overexpressing
ed complex was prepared as described in Section 2 and equal amounts
mmobilon membrane (Millipore), probed with antibodies against the
Fig. 4. Expression of Ost3p and Ost6p. Membranes from various
strains as indicated were isolated and subjected to Western analysis.
Equal amounts of protein (25 lg) were loaded on a 10% SDS–PAGE
pro lane and probed with antibodies against Ost3p (A) or Ost6p (B).
Quantiﬁcation of the ECL image was as described in Section 2.
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explaining the additional lower band in the OST from Dost3,
we refer to below.
3.2. Ost3p and Ost6p can displace each other in the complex
Taken into account the structural similarity of Ost3p and
Ost6p the question arises, what determines the amount of
the OST3- and OST6-complex, respectively. One possibility
is that insertion of Ost3p and Ost6p is regulated simply by
the ratio of their concentration, i.e., formation of the two iso-
forms is dynamically regulated. To investigate this possibility,
OST3 was overexpressed in Dost3 by transformation with a
multicopy vector harboring OST3. As shown in Fig. 3 the
lighter complex fraction, exempliﬁed by Ost1p (lane 1) and
Wbp1p (lane 2), vanished upon overexpression of Ost3p in fa-
vor of the 255 kDa complex (lanes 4 and 5), which, as ex-
pected, contained now also Ost3p (lane 6). Obviously, the
incomplete 217 kDa complex, lacking both Ost3p and Ost6p,
was converted to a mature complex due to the overexpression
of OST3. Likewise, overexpression of OST6 (Fig. 3, lanes 9–
13), in this case in the Dost3Dost6 background in order to
exclusively visualize the OST6-complex, yielded the 255 kDa
complex. Furthermore, since the 217 kDa complex was no
longer present in the Dost3Dos63, in spite of the Dost3 muta-
tion (compare with Fig. 3, lanes 1 and 2), one has to conclude
that a surplus of Ost6p is not only able to restore the OST6-
complex, but can also bind at the sites normally occupied by
the Ost3p homologue.
The possibility of mutual displacement of Ost6p and Ost3p
in the complex was further analyzed by quantitative Western
blots after separation of the microsomal membrane protein
fraction by SDS–PAGE (Fig. 4 and Table 1). Overexpression
of OST3 in Dost3 led to more than a 400% increase of the
Ost3p level compared to wild-type (Fig. 4A, lanes 1 and 4; Ta-
ble 1). Concomitantly, an 80% decrease of Ost6p was be ob-
served (Fig. 4B, lanes 1 and 3). This indicated that both
proteins compete with each other in the complex and, more-
over, an excess of Ost3p, seems to be stable. When OST6
was overexpressed in Dost6 cells (Fig. 4B, lanes 1 and 4), the
increase of Ost6p was less pronounced and amounted to only
about 40%. Nevertheless a corresponding decrease of Ost3p
(Fig. 4A, lanes 1 and 3) was observed. Surprisingly overexpres-
sion of OST6 in Dost3 instead of Dost6 (Fig. 4B, compare lanes
4 and 5) yielded a much higher Ost6p level (142%). We postu-
late that free Ost6p is less stable than Ost3p, and in case of
Dost3 the overexpressed Ost6p can additionally be incorpo-
rated into the incomplete complex instead of the missing
Ost3p. Furthermore, from the data of Fig. 2, a rough estimate
regarding the amount of the two complexes in vivo can beFig. 3. Blue native electrophoresis of solubilized OST complex from Dost3 an
Dost3Dost6 complemented with high copy plasmid YEp352-OST6 (B). Analmade. Comparing the signal intensities of the respective upper
band of Stt3p, Ost1p and Wbp1p in Fig. 2, lane 2 (Dost3),
indicative for the OST6-complex, with the corresponding
bands of lane 3 (Dost6), representing in this strain the OST3-
complex, it becomes clear that the OST3-complex is much
more abundant than the OST6-complex. We estimate that
the OST3-complex is about 3 up to 4-fold higher.
Finally, the above ﬁndings may give some clues as to why in
Dost3 two bands are detectable, whereas in Dost6 exclusively
the fully assembled complex occurs. We assume that the lower
amount of the OST6-complex on the one hand in combination
with the higher and more stable level of Ost3p, as well as the
mutual competition of Ost3p and Ost6p in complex assembly
is responsible that Ost3p can fully substitute for the missing
Ost6p in Dost6 and thus diminishes the amount of the
217 kDa complex below detection limit.
3.3. Diﬀerent growth phenotypes implicate diﬀerent functions of
the OST3- and the OST6-complex
Previously, we showed that Dost6 displays a growth pheno-
type when stressed by agents that interfere with cell walld Dost3 complemented with high copy plasmid YEp352-OST3 (A), and
ysis was performed as in Fig. 1.
Table 1
Quantiﬁcation of Western blot analysis of Ost3p and Ost6p in diﬀerent
membranes
Membranes Ost3p Membranes Ost6p
Wild-type 100 Wild-type 100
ost6D 112 ost3D 127
ost3D + pOST3 514 ost3D + pOST3 20
ost6D + pOST6 59 ost6D + pOST6 138
– – ost3D + pOST6 242
The data of Fig. 4 were quantiﬁed as described in Section 2. The
intensity of the wild-type signal was set arbitrarily to 100. Experiments
were performed three times independently with similar results.
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proved more or less resistant at the concentrations used, simi-
lar to wild-type yeast [14]. To investigate this in more detail, in
particular to obtain some insights on the possible function of
Ost3p and Ost6p, yeast strains were generated expressing only
the OST3-complex or OST6-complex by overexpression of
either OST3 or OST6. Besides caﬀeine also high temperature
at 37 C was investigated as stress factor on growth. As shown
in Fig. 5 both treatments caused similar eﬀects on growth, only
that the defects are somewhat more pronounced in the pres-
ence of caﬀeine than by the high temperature. The following
evaluation is therefore valid for both conditions. Deletion of
Ost6p in contrast to Ost3p and in comparison to wild-type
cells abolishes growth (rows 1–3). If Ost3p is additionally miss-
ing (Dost3Dost6; row 5) or overexpressed in the double disrup-
tant (row 6), no further eﬀect on viability is observed, as
expected. However, overexpression of OST6 in contrast to
OST3 can largely restore the growth phenotype (compare rows
5, 6 and 7). Overexpression of OST3 in Dost3 (row 4) at a ﬁrst
glance gave a somewhat puzzling result. One would have ex-
pected a growth similar to wild-type cells, the missing Ost3p
being replaced. However, growth of Dost3 + pOST3 was only
slightly better than that of Dost6 but signiﬁcantly worse than
that of wild-type cells (rows 1 and 2). The simplest explanationFig. 5. Growth of cells under temperature and cell wall stress. Cells as
indicated were grown in selective liquid medium overnight at 30 C,
and 3 ll of a serial 10-fold dilutions were spotted on yeast nitrogen
base, dropout ura, agar plates starting with 107 cells and incubated for
4 days. Selectivity criteria were either high temperature (37 C) or
7.5 mM caﬀeine, added to the plates. Strains were transformed with the
empty vector (rows 1–3) or the overexpressing plasmids pOST3 and
pOST6, respectively (rows 4–7).is assuming a displacement of Ost6p in the complex by the
overexpressed Ost3p, in agreement with the Western blot re-
sults of Fig. 4. These results clearly emphasize the special
importance of the OST6-complex for cell wall stability and
integrity under stress conditions in yeast. How the OST6-com-
plex mediates this remains to be determined. Elevated temper-
ature causes osmotic and mechanical stress. Caﬀeine exert cell
wall stress via perturbation of the cell wall integrity pathway
[20–24]. In both cases, insuﬃcient glycosylation of certain
components could contribute to weakened cell walls.
In conclusion, the results show that in yeast two OST com-
plexes exist that are functionally distinct and diﬀer only in the
presence of the related Ost3 and Ost6 subunits. On the basis of
diﬀerent growth phenotypes assigned to both complexes, we
postulate that these are involved in the recognition of diﬀerent
protein substrates, perhaps in combination with their recruit-
ment to the two diﬀerent translocation machineries identiﬁed
in yeast [25–27]. The OST6-complex could be involved in N-
glycosylation of a group of proteins, necessary for cell wall for-
mation or for growth at high temperature. Nevertheless, at
normal temperature yeast is viable without Ost3p and Ost6p,
but OST activity is drastically reduced both in vivo and
in vitro [14]. It is interesting to note that recently also in mam-
malian cells two isoforms of OST have been described, diﬀer-
ing in Stt3p [28,29], which is believed to be the catalytic
subunit [30–32]. The two isoforms in this case diﬀer in activity
and discriminate between diﬀerent glycosyl donor substrates.
Compared to multicellular eukaryotes, having mostly two
Stt3p homologues, yeast possesses only one Stt3p. Given the
many roles glycan chains of proteins may play, it is not surpris-
ing that multiple OST complexes may contribute to the most
costly and complicated modiﬁcation proteins can undergo.Acknowledgments: This work was supported by a grant from the Deut-
sche Forschungsgemeinschaft and the Ko¨rber-Stiftung.References
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